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Abstract: Increasing the share of renewable energy is an important aim of Germany’s energy policy. 
Offshore wind energy is expected to be one of the main sources of future electricity supply. Compared 
to onshore conditions, offshore wind speeds are high and steady and so high yields can be expected. 
German wind farm projects are mainly planned in locations far off the coast and in deep water. They 
are situated in the Exclusive Economic Zone (EEZ) of the Federal Republic of Germany which 
extends from the 12-nautical mile line up to 200 nautical miles from the coast into the ocean. The 
conditions for the erection of offshore wind turbines (OWT) with water depths up to 50 m, high wind 
and wave loads are very demanding. Consequently the ongoing construction of OWT in Germany is 
globally unique. These difficult boundary conditions call for careful planning. The Federal Maritime 
and Hydrographic Agency of Germany (BSH), as the competent authority, has to date granted 
approval for 39 wind farms and 10 converter platforms. The BSH issues standards which serve as 
technical codes for offshore wind turbines. The Federal Waterways Engineering and Research 
Institute (BAW) is the consultant to BSH on geotechnical matters – among others – related to OWTs.  
According to the BSH standard for the design of offshore wind turbines (BSH 2015), German and 
European standards (Eurocode, DIN 1054) already introduced by the construction supervision 
authorities have priority over other standards and regulations. This paper gives an overview of 
challenges that are met during the design and the installation of OWTs from a geotechnical 
perspective such as scour formation, adverse soil conditions as well as geotechnical limit state 
analysis for offshore structures. It reveals that there is a need for fundamental research in geotechnical 
engineering as well as hydraulical and structural engineering in order to construct OWTs more 
economically and safe at the same time. 
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1 Introduction 
Increasing the share of renewable energies is an important aim in Germany’s energy policy. Offshore 
Wind Energy is planned to secure a significant part of Germany’s future energy supply. In comparison 
to conditions on land (onshore), high and steady wind speeds occur at sea (offshore), so that high 
yields can be expected. At present it is planned to supply 6.500 MW of installed capacity until 2020 
and 15.000 MW until 2030 in the North - and the Baltic Sea.  
As far as possible, Offshore Windparks (OWPs) should not be visible from the coast and the 
islands. Furthermore, they should be located outside the coastal national parks Wadden Sea and 
Bodden. For this reason, OWP projects are mainly planned at great distance from the coast and in 
great water depths. They are thus located in the so-called "Exclusive Economic Zone" (EEZ) of the 
Federal Republic of Germany. This area is situated outside the 12-mile zone up to a distance of 200 
nautical miles from the coastline. Wind turbines have to be erected there in water depths of up to 
50 m. Due to the demanding conditions - great water depths, strong wind and wave loads, long 
Geotechnical Challenges of Offshore Windparks in the  
German EEZ 
M. Kidane & U. Tzschach 
Federal Waterways Engineering and Research Institute (BAW), Hamburg, Germany 
 
 
Coastal Structures 2019  -  Nils Goseberg, Torsten Schlurmann (eds)  -  © 2019 Bundesanstalt für Wasserbau 
ISBN 978-3-939230-64-9 (Online)  -  DOI: 10.18451/978-3-939230-64-9_096
963
distances from the coast - the construction of offshore wind turbines (OWT) in Germany is globally 
unique. 
These difficult boundary conditions call for careful planning. The Federal Maritime and 
Hydrographic Agency (BSH), as the competent authority, has to date granted approval for 39 wind 
farms. These approvals are given under the condition, that the applicants submit evidence that they 
comply with all state-of-the-art requirements during the entire planning process until the construction 
of the wind farm is approved separately. However, since most of these projects involve breaking new 
technological ground, a relevant quality standard has to be developed first. The BSH issues standards 
which serve as technical codes for the construction of OWPs. Expert groups consisting of 
representatives from science, industry and public authorities are involved in the elaboration and 
further development of these standards.  
The Federal Waterways Engineering and Research Institute (BAW) contributes its geotechnical, 
hydraulic- and materials engineering expertise to the standardization process and provides 
consultative input to the BSH on technical issues during the approval process. The acceptance 
procedures, for instance, require the processing of comprehensive technical documents submitted by 
the applicants. Often, substantial risks regarding the erection and reliable operation of the wind 
turbines are identified in the process, requiring time-consuming expert discussions and contributions. 
This is due to the fact that the issues to be solved and the boundary conditions are very complex as is 
shown by the following examples. 
2 Site Investigation  
According to (BSH, 2014), the wind farm area is to be explored using geophysical and geotechnical 
investigation methods as part of a preliminary and main subsoil investigation campaign. The 
exploration in the form of drilling and sounding poses a particular challenge due to the extreme 
conditions on site, e.g. large water depths and large exploration depths of up to 80 m below sea bed. A 
suitable Cone Penetration Test (CPT) set up must be selected for the often encountered very densely 
bedded sands, which is designed for sufficiently high CPT tip resistances of up to approx. 100 MPa 
which exceeds the values for which experiences exist for methods to calibrate the tip resistances to 
soil properties.  
 
Fig. 1. Typical CPT tip resistance profile for a North Sea wind farm site from Jardine (2015). 
The selection of suitable drilling and sampling methods for soil sampling is also of great importance. 
Obtaining so-called "undisturbed" soil samples, which provide reliable and representative strength and 
deformation properties for stability and serviceability calculations of foundation structures, is a major 
challenge. "Disturbed" samples usually lead to unrealistic strength and deformation properties of the 
soil resulting in foundation designs that are not economical and unsafe. A geotechnical expert must 
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therefore select representative soil samples and, if necessary, consider possible sample disturbances 
when interpreting the laboratory test results. The geotechnical expert must therefore pay special 
attention to how the samples are collected and handled, transported and stored on the drilling vessel. It 
is often difficult for geotechnical experts to enforce a suitable drilling method for a high sample 
quality - due to higher costs - with developers of OWPs. Unfortunately, developers often overlook the 
fact that high sample quality generally save costs and reduces risk in whole process of foundation 
design, -manufacturing and -installation.  
3 Scour formation  
A further example for the challenges in the design of an OWP is the consideration of scour at 
foundation structures. Scour, is the removal of sediment from around the base of an object on the 
seabed due to the interaction of wave and current-induced flows with the structure and the substrate 
(eg. Melling, 2015). Scour holes can become several metres deep and expose the foundation of the 
structure. Scour formation must be taken into account when designing the foundation structure. For 
the prediction of scour depths there are not only simple rules of thumb in the technical literature 
available, but also detailed calculation approaches (e. g. Sumer & Fredsøe, 2002). Nevertheless, all 
approaches can only serve as estimates. In contrast to predictions, experiences recorded on site at 
offshore foundation structures reveal cases in which either no significant scour or a much greater 
scour depth has occurred. This problem must be countered with a balanced concept consisting of 
conservative design assumptions, sufficient monitoring and prepared maintenance. 
Tab. 1 shows results of a case study using several calculation methods for the prediction of the 
maximum scour depth S to be expected at a single pile as a function of the pile diameter D. The 
predicted values show a wide scatter ranging von 0.6 m up to 17.98 m. A pile diameter D of 6 m was 
considered – for further details see (Ungruh & Zielke, 2003).  
Tab. 1. Case study on the performance of recommendations for the determination of the maximum scour depth at a 
single pile after (Ungruh & Zielke, 2003) 
 
Author Formula Scour Depth [m] 
Laursen & Toch 𝑆𝑆𝐷𝐷 = 1.5 ∙ �ℎ𝐷𝐷�0.3 
 
14,59 
Laursen 𝑆𝑆𝐷𝐷 = 1.34 ∙ �ℎ𝐷𝐷�0.5 
 
17,98 
Qadar 𝑆𝑆𝐷𝐷 = 1.33 ∙ 𝐷𝐷−0.36 
 
4,19 
Ansari & Qadar 𝑆𝑆𝐷𝐷 = 3.6 ∙ 𝐷𝐷−0.6(for 𝐷𝐷 > 2.2 𝑚𝑚) 
 
7,37 
Jain 𝑆𝑆𝐷𝐷 = 1.41 ∙ �ℎ𝐷𝐷�0.3 ∙ � 𝑈𝑈𝑐𝑐𝑐𝑐�𝑔𝑔 ∙ ℎ�0.25 
 
6,74 




Author Formula Scour Depth [m] 
Shen II 𝑆𝑆𝐷𝐷 = 3.4 ∙ � 𝑈𝑈𝑐𝑐𝑐𝑐�𝑔𝑔 ∙ ℎ�0.66 
 
3,36 
Coleman 𝑆𝑆𝐷𝐷 = 0.54 ∙ �ℎ𝐷𝐷�0.19 ∙ � 𝑈𝑈𝑐𝑐𝑐𝑐�𝑔𝑔 ∙ ℎ�1.19 ∙ ℎ0.41 
 
0,60 
Hancu I 𝑆𝑆𝐷𝐷 = 3.3 ∙ �𝑑𝑑𝐷𝐷�0.2 ∙ �ℎ𝐷𝐷�0.13 
 
3,73 
Melville & Coleman 𝑆𝑆𝐷𝐷 = 2.4 ∙ K𝑦𝑦 ∙ K𝑑𝑑 ∙ K𝑠𝑠 ∙ K𝜃𝜃  
 
7,20 
Breusers et al. 𝑆𝑆𝐷𝐷 = 2.0 ∙ tan �ℎ𝐷𝐷� ∙ K𝑠𝑠 ∙ K𝜃𝜃  
 
12,00 





When designing foundation structures on several piles (see Fig. 2), in addition to a local scour on the 
single pile an enhanced scour development due to the proximity of the other piles and the rising 
foundation structure has to be taken into account (global scour). Approaches for estimating the overall 
scour depth can be found in the literature (see e.g. Fig. 3) - however, these approaches do not take into 
account the complexity of the foundation structure, which usually has a considerable influence on 
flow regime and thus on the global scour (see Fig. 2). 
 
Fig. 2. Local and global scour at a jacket  
foundation, picture from Angus &  
Moore (1982). 
Fig. 3. Estimation of the maximum scour depth  
of a pile group (Sumer & Fredsøe, 2002). 
 
If scour development is to be prevented by constructive measures rock dumps can be placed around 
the foundation structure. A safe design has to be ensured on the basis of e. g. (BAW, 2013) for these 
constructive measures. 
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4 Axial bearing capacity of foundation piles 
The BSH standard for the design of offshore wind turbines (BSH, 2015) requires that German and 
European standards be primarily applied which have been introduced by the building authorities. Only 
if required regulations within these codes are missing other codes are allowed to be used – when 
applied for at BSH. For example, the relevant standards and regulations, such as EC 7-1 (EC 7-1, 
2009) and the recommendations of the "Working Group on Piles" (EA-Pfähle, 2012), do not prescribe 
a general approach for the determination of the ultimate bearing capacities of large diameter offshore 
piles.  
The vast majority of structures for OWPs are founded on open ended pipe piles. These have 
boundary conditions (like pile dimension) mostly not comparable to database-piles used to develop 
pile design methods stated in the literature e.g. the “Geotechnical and Foundation Design 
Consideration” of the American Petroleum Institute (API) (API 2011). Diameters of tubular steel piles 
predominantly used for OWPs vary between 6 m and 8 m for monopiles (foundations consisting of 
one pile) and between 1.8 m and 3.5 m for foundation structures on pile groups.  
(BSH, 2015) and (EC7-1 2009) and its national supplement DIN 1054 (DIN 1054 2010) allow the 
use of (API 2011) for the prediction of axial pile capacities but do require pile load tests to be 
undertaken as design proof whenever there is a lack of experience with a specific set of soil 
conditions, pile dimensions or pile installation methods – as in the case of pile foundations of OWPs. 
The German Recommendations on Piling (EA-Pfähle, 2012) gives advice on how to perform these 
pile load tests.  
A closer look at current methods for predicting the axial pile bearing capacity for OWTs reveals 
that pile load tests are a necessary design proof. There are various international design methods stated 
(API, 2011) for estimating the axial bearing capacity of large-diameter piles. Since these often lead to 
different results under the same boundary conditions (see Fig. 4), the difficulty lies in choosing a 
method which, under the given boundary conditions, leads to economic pile dimensions on one hand, 





Fig. 4.  Comparison of the results of different design methods for the axial tensile capacity of tubular steel piles 
(Achmus et al., 2009). 
 
Furthermore, these methods originate from the field of oil- and gas platforms, which are exposed to 
other predominant loads. On these platforms, the proportion of static loads from dead weight 
dominates the load-bearing behaviour, while transient loads have a smaller influence (see Fig. 5). This 
tendency is opposite for OWTs which highlights the major difference in loading conditions for piled 
foundation structures for oil and gas platforms and OWTs.  
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Fig. 5.  Comparison of typical maximum loads on a OWT and on an oil or gas platform, picture based on Byrne (2011). 
 
When determining the axial pile bearing capacity of tubular piles, the densification of soil within the 
pile during pile installation and the resulting possible plug formation play a major role. It is often 
assumed that from a pile diameter of approx. 1.5 m on no significant plug formation takes place inside 
the pile, but that the pile transfers axially acting loads into the ground via the internal and external 
area of the pile shaft (Rausche et al., 2011). The occurrence of a plug within an open tubular pile 
during driving significantly changes its load-bearing behaviour. In addition to the properties of the soil 
and the pile geometry, the applied pile driving energy is a decisive criterion for the possible formation 
of a pile plug. There are currently no clear indications of the boundary conditions under which a pile 
will behave as a plugged pile. In (Henke, 2013) and (Lüking, 2010), approaches for taking plug 
formation into account when determining the pile load-bearing capacity were specified, although these 
differ in part. The two authors carried out small-scale 1g and ng tests as well as numerical calculations 
for this purpose. Together with Fischer (Henke & Fischer, 2013), Henke additionally used 
instrumented tubular piles with diameters of D = 0.71 m and D = 1.22 m for his investigations. 
Furthermore, Słomiński and Cudmani (Słomiński & Cudmani 2008) developed a calculation 
methodology with which the load-bearing capacity of tubular piles can be determined taking plug 
formation into account. For this purpose, they used the results of driven tubular piles with a diameter 
of D = 1.04 m. A review of the investigations shows that further validation of existing approaches by 
means of field tests is required; see also (Słomiński & Cudmani 2008).  
5 Time dependent change of the axial bearing capacity of foundation piles of OWPs 
Changes in the initial pile bearing capacity of driven piles and other driven profiles as well as anchors 
have been reported by many investigators (Chow, Bowman & Soga etc.). In most cases an increase in 
the initial bearing capacity Rt=0 could be observed at a later point in time after a renewed pile load test 
Rt. 
 
Rt = Rt=0 + ΔR 
Wind - and Wave Load (transient load) H 
Dead Weight (static load) V 
H/V ≈ 1,5 H/V ≈ 0,1 
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However, in similar periods, the bandwidth for the increase varies from ΔR = 0 (no increase) to about 
ΔR = Rt=0 (doubling of capacity) for similar pile load test campaigns with similar boundary conditions 
(pile type, pile dimension, soil conditions, installation method and type of pile load test). 
Investigations into the time dependent load-bearing behaviour of pile foundations in sands suggest 
that different factors influence the load-bearing capacity as well as the stiffness of driven profiles. 
Although this phenomenon was first documented by Wendel more than 100 years ago (Long, 1999) 
(Wendel, 1900), no reliable method for predicting the time dependent development of the load-
bearing capacity of driven profiles is available to date. 
According to various studies, the time dependent change of pile load-bearing capacity and pile 
stiffness is influenced by mechanical, chemical and microbiological conditions (Suarez, 2012). Some 
of these influences are named below as examples: 
 
• After the driving of tubular piles, excess pore water pressures are formed in the proximity of 
the pile as a result of soil displacement. These are degraded in the course of time. Excess pore 
water pressures lead to a reduction of the effective stresses which in turn leads to a reduction 
of the pile bearing capacity. It can be assumed that this effect will diminish in loose soils 
(sand) and will not be effective after a few hours to a few days. An increase in pile load-
bearing capacity due to the reduction of pore water pressures can therefore only be attributed 
to the first period after pile installation. 
 
• After the pile has been installed, the subsoil will experience a densification close to the pile. 
According to the hypothesis of Chow (Asted et al., 1998) time-dependent gain in pile capacity 
commonly observed in driven piles is caused by an increase in radial stress due to the 
breakdown during creep of arching stresses formed during pile driving, which limit the radial 
stress acting on the pile after installation. 
 
• As a result of field tests on loose and compacted sand fillings, Mitchell and Solymar (Mitchell 
& Solymar, 1984) have identified the formation of cementation between the sand grains as the 
driving factor for the increase in soil bearing capacity. 
 
• According to a laboratory study by Joshi (Joshi et al., 1995), particle cementation due to 
precipitation of silica and other materials at the particle contacts when submerged in sea water 
was named as one of the driving mechanisms for an increase in soil bearing capacity.  
 
Calculation methods and diagrams are often used to predict the time dependent increase of the pile 
bearing capacity (Skov & Denver, 1988), (Long et al., 1996). Most methods assume a linear increase 
of the load-bearing capacity over the logarithm of time (see Fig. 6). In general these methods are 
based on pile load tests whose boundary conditions differ significantly from typical piles for OWTs. 
They mostly have different pile dimensions, subsoil properties (density, friction angle, dilatancy 
behaviour, grain size distribution, grain shape, grain roughness, grain hardness), pile materials, surface 
roughness of the pile and pile installation methods. However, since the above mentioned boundary 
conditions have an influence on the increase in pile capacity, the use of these methods for determining 
the increase in load capacity of piles for OWTs is doubtful. Axelsson in (Axelsson, 2000), for 
example, shows that the individual effects leading to the increase in bearing capacity as well as their 
interaction with each other are not yet fully understood. He points out that pile load tests are always 
necessary to verify corresponding pile capacity increases in order to quantify pile capacities at a later 
point in time. 
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Fig. 6.  Increase in load-bearing capacity (QT/QT0) of displacement piles, measurement results and approximations (QT = 
QT0*(1+A*Log (T/T0)), where QT0: Pile load-bearing capacity after approx. 1 day (Zhang, 2015). 
6 Load-displacement behaviour of laterally loaded piles for OWP 
Currently, various calculation methods are used in practice to predict the long-term deformations of 
laterally loaded piles for OWPs: among others (API, 2000), (Dührkop, 2009), (Taşan, 2011), 
(Achmus, 2008) and (Wichtmann, 2005). These foundation piles are exposed to large cyclic loads 
during storm events. The most common calculation methods for this type of pile load can be assigned 
either to the group of modulus of subgrade reaction methods or to numerical methods such as the 
finite element method (FEM). 
Especially for monopiles of OWTs, the long-term deformation behaviour is of decisive importance 
in addition to the stiffness of the pile-soil system, since OWTs lose their serviceability after an 
inclination of approx. 0.5° (Lombardi, 2014). The current calculation methods for predicting long-
term deformations of laterally loaded piles are thus of particular importance. 
In order to generate manageable amounts of load data as input values for the calculation methods, 
the pile head loads resulting from an overall dynamic calculation of the OWT have to be processed 
first. The different amplitudes and mean values are often being converted into an equivalent load 
spectrum (harmonic load curve which is assumed to have the same effect as the actual load). For this 
purpose, the method according to Lin and Liao (Lin & Liao, 1999) is often used according to 
recommendations of (EAP, 2012), which, however, is not beyond doubt (Wichtmann, Triantafyllidis, 
2011). 
 
Some of the above calculation methods are limited in the choice of possible load cases (API, 
Dührkop, Taşan). Other methods are more flexible in this respect (Achmus, Wichtmann), but can be 
more complex in their practical application. The method according to (Wichtmann, 2005) has been 
calibrated in a large number of laboratory tests, but also requires a large number of input parameters. 
The method by (Taşan, 2011) is strongly dependent on the initial stress state close to the pile. This 
stress state (directly after the pile has been installed) can only be roughly estimated which results in 
additional uncertainty when using this method. None of the aforementioned methods takes into 
account a possible build-up of pore water pressures on the pile shaft, which raises additional 
questions, especially when dimensioning the ever-increasing monopiles with very large drainage 
paths. A comprehensive comparison of the calculation methods mentioned here for predicting long-
term deformations can be found in (Westermann, 2014) (see Fig. 7). 
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Fig. 7.  Comparison of different lateral pile deflection curves for different calculation methods and variing soil densities 
– static loading (above) and cyclic loading (below) from Westermann (2014). 
Although there are major differences, in particular in the complexity of these procedures, no final 
judgement can be made on their quality. This is the case because no procedure has yet been 
conclusively validated. 
7 Summary 
The construction of OWPs is one of the major challenges currently faced by the Federal Republic of 
Germany to increase the share of renewable energies in the total energy supply. The construction of 
the OWPs poses different challenges in many areas, so that the known/permissible boundary 
conditions of current regulations are exceeded - new solutions must therefore be found. There is a 
need for research in several areas in order to realistically predict the conditions offshore. From this 
tension field, a multitude of new questions arise for all parties involved, such as the design engineer or 
the contractor on site.  
In this article, the legal framework for the construction of OWPs in the EEZ of the German North 
Sea and Baltic Sea were presented. Some of the main technical challenges that arise during the 
planning and construction of OWPs were identified. 
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